Abstract Oil and gas production gives rise to water production depending on the state of maturation of the Field. This means large volumes of water available. Today, this water is partly re-injected into the reservoir. Totalfinaelf's sustainable contribution to preserve water resources is to propose an alternative utilization: the reuse of produced waters from petroleum activities, outside the food chain. The aim of the first part of this study is to demonstrate the feasibility of utilizing low-salt water (<20 g/l) cleaned of hydrocarbons, for agricultural or forest irrigation. Rudimentary technologies such as artificial wetlands were tested to remove hydrocarbon substances and preliminary tests were performed with cotton (Gossypium hirsutum) and hemp (Cannabis sativa). Among the species tested in real conditions (greenhouse), hemp was affected by saline water whereas the results obtained for cotton were representative of the average worldwide production. These results validate the reuse of low-salt produced water in climatic conditions with expected temperatures of up to 37°C in summer and 25°C in winter. Following these results, field pilots are planned. Further research is planned to focus, taking into account local needs and environmental and production constraints.
Introduction
It is not generally known that petroleum companies produce high volumes of water. In 2001, Totalfinaelf produced more than 1 million barrels of water per day (1 barrel = 159 liters). A little more that 1 barrel of water was produced for each barrel of oil. In some cases, the volume of water increases so fast that it can reach more than 50% of the total liquid production in a couple of years and up to 90% at the mature stage. Tens of thousands of barrels of water per day and per field could be produced this way. This means a large volume of water could be made available all over the world. At present, this water is separated, treated with physico-chemical processes and re-injected or discharged in compliance with environmental standards. Furthermore, the lack of water all over the world is well known. For this reason, the reuse of produced waters from petroleum activities outside the food chain could be an alternative to re-injection, thereby preserving local water resources. It could be used as substitute water for industrial purposes, or for local activities such as the production of flowering plants, trees for reforestation or for fuelwood, industrial crops, etc.
Considering the large range of salinities in petroleum-produced waters (from 1 to 250 g/l), and irrigation constraints, the first approach developed in this paper is the reuse of low salt (up to 20 g/l) petroleum produced water reuse for agricultural irrigation. To achieve this goal, we studied a way to first, reduce the hydrocarbon content and second, reduce the salt content such as artificial wetlands to remove hydrocarbon content to purify produced waters through adapted technologies. Some such technologies are qualified as rudimentary as they require little or no electro-mechanical equipment.
A pilot of artificial wetlands was built for experimentation, based on climatic conditions of near-future field application in the Middle East (sun exposure, evapo-transpiration and photoperiod, etc.). Several ponds were dedicated to water treatment and others for crop cultivation. Some preliminary tests with cotton were conducted in the laboratory before sowing this crop in natural conditions. In practice (greenhouse), cotton (Gossypium hirsutum), hemp (Cannabis sativa), and eucalyptus (Eucalyptus camaldulensis) were tested in the same salt conditions. All of these cultures were irrigated with recombined petroleum produced water purified by upstream artificial wetlands with specific focus on no sterilization of the beds by salt.
Materials and methods

Pilot description
An experimental pilot (Figure 1 ) was built in a greenhouse with ponds dedicated to treatment by reed beds (A1 to A2), ponds testing halophytic plants (A3, C1 to C3), a storage tank (C4) and an agricultural crop parcel (C5). The first three raceways are horizontal filters placed in series whose filter solid mass is composed of two superimposed layers with gravel at the bottom and sand at the surface.
The effluent is reconstituted by voluntary high crude oil emulsion (55 mg/l) with salt water (15 g/l). It feeds the first reed bed no stop at 650 l/h by the top then crosses through each macrophyte bed in underground horizontal flow (Sub-surface flow-SSF). The flow from one raceway to another occurs by gravity until basins C1 to C4, fed by surface flow (SF), are reached.
The agricultural basin is fed by a homogeneous flow supplied by a submerged pump in the upstream storage tank C4. A gravel drain covered with clayed-sandy soil is used as substrate for the cultivation of plant species in C5. Average samples of substrate are taken regularly at sample points in the crop parcel, as shown in Figure 2 , for subsequent analyses.
Description of the analysis
The selection of plant species that can withstand the test conditions and the follow-up of macrophyte health were conducted using a non-intrusive technique, the Fluorescence Monitoring System (FMS). The principal of fluorescence measurement is based on the alteration of the electronic configuration of the chlorophyll molecule when it absorbs light. Ninety-five per cent of the chlorophyll fluorescence signal is derived from chlorophyll molecules associated with the pigment photosystem II (PSII), the pigment responsible for the fluorescence signal detected by FMS. The ratio Fv/Fm where Fv is the maximum quantum efficiency and Fm the maximum fluorescence is directly proportional to the quantum efficiency of PSII. The selection of the plant species was performed in laboratory by putting the plant in contact with the effluent for five days. Each trial is repeated three times and measurements in triplicate. No fertilizers were used during trials. A value higher than 0.75 attests the plant is in good health. Table 1 summarizes analytic methods used during trials.
Results and discussion
Removal of hydrocarbons Figure 3a shows the concentrations of HC at the outlet of the two first reed-beds ponds of the pilot (outflow A1 and A2) versus water sample points taken weekly, over a period of 23 weeks. No dispersed hydrocarbons were observed in the outlet samples of the SSF ponds. Results indicate that the hydrocarbon content is lower than the detection limit (0.11 mg/l) in 38 of the 46 outflow samples, using a pilot fed with a brackish water (15 g NaCl/l) containing an average of 55 mg/l of oil. For all measurements, the treatment efficiency, in terms of hydrocarbon removal, is greater than 99%, whereas most of the time (in 83% of the samples) hydrocarbons are not detected. Salmon et al. (1998) demonstrated an efficiency HC removal up to 90% using an industrial effluent with a HC content up to 100 mg/l. Figure 3b shows the concentrations of HC measured after the HC treatment stage in the 4 basins (C1 to C4). Owing to the short Hydraulic Residence Time and low plant density in these basins, the values of HC represent the treated water, which is the outflow of the first 3 SSF wetland basins. After treatment, hydrocarbons were not detected in 96% of the samples and the detected concentration did not exceed 0.25 mg/l. The sand bed wetland associated with microflora and reed treatment results in a quasi-total removal of HC with a filtering effect of sand essentially on low-solubility hydrocarbons. Table 2 gives the concentrations of total PAH and (polycyclic aromatic hydrocarbons) and total BTEX at the inlet of the C basins. Those more-polar compounds can transit through the sand bed wetland. In proportion to the concentration in the feed flow (55 mg/l HC), PAH and BTEX correspond to 0.01% (6 µg/l) and 0.23% (130 µg/l) hydrocarbons, respectively.
The feed concentration ranges between 0.7 to 16.2 µg/l PAH, whereas the treated water (C1-C4) contains less than 0.43 µg/l PAH. Although the inflow concentration is low for October and November, the outflow concentration is approximately equal to 0.4 µg/l, leading to the lowest efficiencies (37% and 58%). The outflow concentration does not seem to correlate directly to the treated flow contents. The background concentration observed could be explained by the accumulation of crude oil in the substrate of the first SSF wetland basin not yet metabolized by microflora and reeds, in which the continuous feed flow transports PAH downstream to the next basin. The PAHs are then totally dissolved, removal in the following basins depends on the biological activity and plant uptake of the wetland. Naphthalene, which is among the most soluble PAHs (Harvey et al., 2002) , accounts for 80-90% of the PAH measured in the treated water. Other detected PAHs are phenanthrene, fluorene and acenaphthene. BTEX are mainly represented by total Xylene. BTEX concentrations in the feed range from 9 to 224 µg/l. The efficiency of the treatment always exceeds 97%. The concentration tends to decrease in the second and third basins but is still significant. The total amount is evenly distributed among the PAHs, except for naphthalene, which was not detected in the soil samples. The concentrations of BTEX in the soils are lower than 0.7 mg/kg. These compounds as well as naphthalene, appear to be leached by the continuous flow, due to their higher solubility. The results are consistent with observations on the liquid samples.
Salinity evolution
The salinity was set to 15 g/l. Following this constraint the average measured salinity of the feed during the test was 14 ± 1.0 g/l. Figure 4 shows the evolution before and after treatment stage A (Feed A1 and outlet A3) and at the pilot's outlet in basin C4. On the basis of the O. Rambeau et al. 143 flowrate reduction, the salt concentration should reach 15.6 ± 1.8 g/l, i.e. an increase of 10.7% (see theoretical curve c), if no salt uptake occurs. However, measurements in C4 indicate that the flow salinity did not significantly increase through the pilot, even during the summer months when evapo-transpiration is at its maximum (25 mm/day). This observation is of great importance in terms of water quality, for subsequent water reuse.
Regarding basin C5 experiments, the presence of salt in water depends of the choice of irrigation flow. Agricultural Basin C5 is irrigated non-continuously with water pumped from basin C4. Table 5 shows the salt mass balance in this basin. Before July 12 we collected no water from basin C5 as drip irrigation system was used to provide precisely the volume of water consumption required by the cotton. The flow rate was increased after July 12. This change enabled the recovery of 60% of the total load from July to the end testing in December. This confirms the importance choosing the proper irrigation system for salt management in soil. The average conductivity and pH in the C5 soil after crop production are shown in Table 4 . Variations in pH are compatible with cotton crop requirements (6.8<pH<8)
Plant evolution in the pilot
Preliminary fluorometry measurements on tolerance to salt and HC conditions led to the selection of Phragmites australis and Scirpus holoschoenus as the crop in HC treatment basins, A1 and A2 respectively. They are highly advantageous for wetlands. Their roots systems prevent the formation of an impermeable crust at the surface, ensure the outflow of sewage by opening the substratum; and allow oxygenation at depth for microbial activity. P. australis (Cav.) Trin. Ex Steud, a perennial, salt-tolerant aquatic grass is commonly found all over the world, even in subartic conditions in Russia and Norway (Nikolajevski, 1971) . It is already used for artificial sewage-treatment wetland systems.
Its good health during greenhouse trials is demonstrated with photosynthetic activity >0.8 (Figure 5a ), confirming its purification activity on slightly salted water. Figure 5b also shows the good health of S. holoschoenus even though intra-parcel heterogeneity (high SD) was observed.
S. holoschoenus planted downstream P. australis had to deal only with salt stress but maintained a photosynthetic activity >0.75. The third SSF basin was dedicated to potential salt extraction with plant. Tamarisk (Tamaris pentendra) well known for its development in salty environments among other things was tested for potential salt content reduction. For this dicotyledonous species salt excretion is one of the mechanisms that enables halophytes to regulate the salt content in their leaves and to cope with the salinity of their environment (Batanouny, 2001) . The tests highlight its adaptation difficulties, even its total inability to adapt to the irrigation method used in basin A3. Optimization of irrigation is in progress for partial salt extraction experiments. In accordance with the no-food chain farming goal, plants for cultivation were chosen taking into account the future crop location (species of the country, climatic conditions, local use of products, etc.) Cotton (Gossypium hirsutum) is a dicotyledoneous polypetalous member of the Malvaceae family. The tests were conducted with the variety Acala 41. Table 6 shows the results for cotton germination tests in control environment and in C5 basin. In both cases we obtained a normal Seed Index and a very good germination capacity (>90% after 72h) with production of seeds from cotton in C5 available for next crops. According to the analyses (not shown) the fibers are short and exhibit a relatively weak tenacity (strength, resistance to elongation) due to late harvest. However, the produced cotton gives very good results in the colorimetric analysis with a very high degree of whiteness. Thus, cotton produced by irrigation with the treated produced waters does not present any significant difference with that of the control crops and the fiber quality meets industrial requirements. As for the mass percentage analysis (Table 7) , the main element contained in cotton fiber is potassium, a cation essential for the adjustment of the osmotic pressure and the acid-base balance.
The cotton fibers in C5 plants contain slightly more sodium and chloride ions than the fibers in the control plant whereas the lack of calcium content in the fiber is significant. Figure 5a P. australis photosynthetic activity Figure 5b S. holoschoenus photosynthetic activity Regarding to these observations, further use of this cotton must be evaluated. Nevertheless the quantities of cotton obtained were representative of the average worldwide production. On the other hand, the hemp (Cannabis sativa var. Felina 34) rapidly exhibited a high mortality rate. Chloride present in large quantities is not toxic and is even indispensable for salt tolerant plants (Heller et al., 1993) . Conversely, the significant accumulation of Na+ (cf . Table 8 ) favored by transpiration (Jeschke, 1984) , can explain the degeneration of the plant tissues following lysis of the cells. Moreover, the Hemp species significantly reduced its root length with no secondary rootlets development, which is an indication of the protection mechanism against salt stress.
Salinity may induce a reduced rate of water movement per unit root area, thus reducing the local concentration of excluded ions in the region of the root surface and in the apoplast of the cortex (Gorhman et al., 1985) . The analyses of effects of salt on Eucalyptus are in preparation and therefore are not presented here.
Conclusions
These first experiences gave promising results with the validation of artificial wetland technique for hydrocarbons removal of low-salt petroleum produced water. The biological activity of bacteria and plants with substrate retention allow very high HC removal efficiency. The sub-surface flow prevents salt bridge formation on surface of bed. Matoh et al. (1988) working with P. australis found that the high K+ content in the leaf tissues and Na+ exclusion are two important factors in salt tolerance. The K+/Na+ ratio declines at higher transpiration rates, unless other factors affect K+ and Na+ regulation (Liesner et al., 1997) A decrease in the K+/Na+ ratio was also observed on cotton and hemp, however this change did not affect the quality of the cotton fiber. The study on becoming of salinity in soil and plants has to be continued. Before field scale, precautions would be taken to assure the continuation of the fertility of the soil and the guaranty of the quality of plant.
Cotton (Gossypium hirsutum) grown under conditions of salinity up to 15 g/l allowed a production around 1,000 kg/hectare. These results validate the reuse of low-salt produced O. Rambeau et al. 146 water in climatic conditions with expected temperatures of up to 37°C in summer and 25°C in winter. No treated in this review, a large care was focused on process control for phytoremediation of produced water. Totalfinaelf is working to upscale the application of the promising greenhouse experiments to the field. The works involve the design and development of a field pilot, and take into account the continuing fertility of the soil, a guarantee of the plant quality and process control of phyto-remediation treatment. Regarding field soil and produced water salinity range, 1,000 m 3 /d of water would allow the irrigation of 3.5 hectares of cotton and meet the restriction of no-salt sterilization of the soil. The Totalfinaelf research department is conducting further research on others plants or trees for reforestation, on partial or complete desalination of produced water, and on potential applications in compliance with environmental, social and production constraints.
